This paper presents the study of the dielectric properties of three plasma-deposited titanates. The deposits were prepared from powders with the same starting composition as industrially produced dielectric ceramics. Influence of plasma spraying itself and of the subsequent annealing of sprayed deposits on electric resistivity, permittivity and the loss factor is reported. Pure synthetic perovskite (CaTiO 3 ) and two perovskite-related ceramic materials (MgTiO 3 -CaTiO 3 and LaMg 0.5 Ti 0.5 O 3 -CaTiO 3 ) were plasma sprayed to form specimens enabling various electric measurements. CaTiO 3 and their solid solution with LaMg 0.5 Ti 0.5 O 3 have perovskite crystal structure and MgTiO 3 have the ilmenite structure. Water-stabilized plasma gun WSP 1 as well as commercial APS (gas stabilized system) were used to form ceramic layers on stainless steel substrates as well as self-supporting ceramic discs. Surface of specimens was ground after spraying. Thin layer of aluminum as the counter-electrode was sputtered in reduced pressure on the ground surface. Micrometric capacitor and ASTM-convenient resistivity adapter were used for voltage applying. Permittivity and volume resistivity were calculated from the measured capacity and resistance respectively. Self-supporting ceramic deposits were annealed at two different temperatures below and above the sintering temperature of the given material. Properties dependence on annealing temperature was obtained and discussed in relation to porosity. #
Introduction
In the last decades thermal spraying has become a well-accepted technology as a coating method for metallic and ceramic materials and has been used in a variety of fields. Plasma sprayed coatings are produced by the introduction of powder particles of a material into a plasma flame, which melts and propels them towards the substrate. The formation of a coating is the result of the interaction between a droplet and the substrate or the previously deposited layers. Among candidate materials for plasma spraying titanates ATiO 3 , where A is an element from the alkaline earth group (II), were not systematically tested until the authors' recent work. 1, 2 Titanates, in general, form a wide and important group of dielectric ceramics. Besides materials based on titanium oxide, studied materials represent the simplest linear dielectrics used for technical applications.
The synthetic form of CaTiO 3 produced by reactive sintering of CaO and TiO 2 was already reported in the 50-ties. 3, 4 It is used for capacitors and other electric parts under various trade names, as Negatit 1500. 5 CaTiO 3 is characterized by the negative thermal polarization coefficient " and it is often used in complex ceramic systems in which perovskite content changes temperature dependence of permittivity ".
MgTiO 3 is one dielectric whose a E can be well controlled by the addition of CaTiO 3. Mixture of MgTiO 3 and CaTiO 3 , with the ratio equal to 94:6 weight percent (in this paper the label MCT is used) has permittivity independent of temperature in a wide range of frequencies. 6 This material is used as a low-loss microwave dielectric in sintered state.
The next material from the family of microwave dielectrics is the solid solution of two titanates having perovskite crystal structure. Annealing of MCT self-supporting discs was done at 1250 C for 2 h, while temperature of bulk ceramics sintering from powder is approximately 1180 C. For comparison also annealing well bellow the sintering temperature was performed (680 C/0.5 h).
Electric measurements
Electric measurements were carried out at the CTU in Prague, Faculty of Electrical Engineering, Dept. of Mechanics and Materials Science, Czech Rep. The electric field was applied parallel to the spraying direction (i. e. perpendicular to the substrate surface).
Electric resistance was measured with a special adapter -model 6105 -to fulfill ASTM recommendations. 8 The electric field was applied by the regulated high-voltage supply and the values read by a multi-purpose electrometer (617C, Keithley Instruments, USA). Reference measurements were done by teraohmmeter operating in the range from 1M up to 1T (Tesla, Czech Rep.). Voltage was 100V DC in both cases. Volume resistivity was calculated from the measured resistance and specimen dimensions. 9 Capacity was measured at frequency 1 kHz using a low-frequency LCR-meter (BM 595, Tesla, Czech Rep.) and at 1 MHz using programmable LCR-meter operating to 1 MHz (PM 6306, Fluke, Germany). Applied voltage was 1V AC, the stabilized electric source was equipped with a micrometric capacitor as recommended in the relevant standard. 10 Relative permittivity " r was calculated from measured capacities and specimen dimensions.
This same LCR-meter (PM 6306) was used for the loss factor measurement. Loss factor tg was measured at the same frequencies as capacity.
Results and discussion

Permittivity
Permittivity results are shown in Table 1 . Plasma deposits have much higher permittivity than sintered ceramics. These difference can be accounted for the water, absorbed within the voids. 11 But calculations show that the situation is more complicated. If we calculated the permittivity of a two-component system according to Lichtenecker laws or related formulas, 12, 13 the presence of water in voids cannot explain the results. The two-component system (ceramics and water) must have the values of calculated permittivity between the values of its components. Relative permittivity 56 and 90 could be considered in the case of void-free LMT and H 2 O respectively, but the measured value of the system is 173 at 1 kHz. The values for all studied materials are summarized in Table 1 . All the measured values disagree with the above formulated necessary condition for the two-component system. The water adsorbed within the voids cannot be, therefore, responsible for pemittivity values of plasma deposited titanates.
For the calculation of the intrinsic permittivity of assprayed samples with zero porosity (i.e. void free) must be known. That is, of course, impossible because certain porosity is an inherent property of any plasma sprayed deposits. However, that value can be extrapolated from a dependence of calculated intrinsic permittivity on porosity 14 (see Fig. 1 ).
Loss factor
Measured values of the loss factor are summarized in Table 2 . Losses in plasma-sprayed materials are much higher than in sintered samples. Loss factor of plasma deposits (except of MCT) increases with increasing frequency, while an opposite tendency -small decrease of losses with increasing frequency -is typical for sintered ceramics 4, 12 and was proved by sintered samples. The resistivity is not frequency-dependent but voltage-dependent. At room temperature only the electronic conduction mechanism could be expected in these materials.
Volume resistivity
The resistivity results are summarized in Table 3 . Plasma deposits have approximately 10 000 times lower volume resistivity than sintered ceramics. This difference could be explained in similar way as permittivity.
Annealing and their influence on dielectric properties
Measured values are summarized in Table 4 . It can be seen, that annealing of MCT at 680 C leads to balancing Fig. 1 . Dependence of intrinsic permittivity on porosity at MCT plasma deposits. of permittivity value to the sintered ceramics. Resistivity remains relatively low but it has definitely increased in comparison with the as-sprayed deposits (see the structure - Fig. 2 ). Therefore the loss factor is relatively high after annealing at 680 C, but lower than at assprayed deposit. Annealing above the sintering temperature (i.e. at 1250 C, see the structure - Fig. 3 ). gives all three parameters at the same level as for sintered ceramics, while resistivity overgrows the value of sintered MCT.
Conclusions
Basic dielectric properties of three plasma-sprayed titanates were studied. Results were compared with values measured by the same instrumental set-ups on specimens produced by conventional sintering technology and literary values were also used for comparison.
It was found that as-sprayed plasma-deposits exhibit extraordinary differences from sintered ceramics in all studied parameters. These differences could be a consequence of the unique microstructure of plasma deposits. 16 It is shown that water adsorbed in pores cannot account for the differences in the as-sprayed and sintered samples, as suggested in the literature. 11 This conclusion is based on calculations performed according to formulas describing dielectric material as a mixture of ceramics and a medium filling the voids. Moreover, this conclusion is supported by results on annealed plasma deposits. Porosity did not change significantly after annealing, but dielectric behavior does. Plasma deposits annealed above the sintering temperature of the given material were found as dielectrics fully comparable with sintered ceramics and therefore useful in industrial application. A patent application is pending.
Physical nature of observed behavior of plasma deposits is a challenge for future research. Measurements at elevated temperatures as well as construction of relaxing curves and looking for resonance frequencies are in progress. Measurement of the dielectric strength of plasma-sprayed titanates is also desirable.
